Spatial heterogeneity is a key driver for the evolution of resource specialists and has 18 been shown to both promote and constrain the rate of adaptation. However, direct 19 empirical support for these evolutionary consequences of spatial heterogeneity 20 comes from simplified laboratory environments. Here we address how spatial 21 structure, through its effect on resource heterogeneity, alters diversification and 22 adaptive evolution of the soil bacterium Pseudomonas fluorescens in an ecologically 23 relevant context: soil-based compost. Our data show that environmental 24 heterogeneity can both promote phenotypic diversification and accelerate adaptation.
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To measure phenotypic diversity (and partition this into different sources of variation) 90 under either homogeneous or heterogeneous conditions, we performed catabolic 91 profiling using Biolog GN2 microplates (Biolog, Hayward CA) . To this end, we used 92 the 10 individual colonies isolated from each of the six replicate experiments of each 93 treatment. Each of the bacterial clones was grown individually overnight in KB broth 94 (28°C at 180 rpm). Bacteria were then diluted 1000-fold in M9 salts buffer and 95 incubated for 2h at 28°C to starve the cells. For every clone, each well of a 96 microplate was filled up with 150 μL of culture suspension containing the starved 97 bacteria and incubated at 28°C for 24h, after which optical density was measured at 98 660 nm as a proxy for bacterial growth using a plate reader (Bio-Tek Ltd). After 99 filtering the number of substrates where no growth was observed (OD660 < 0.1), the - (-(.) (2) 124 where 12 is the correlation of performance across substrates between each pair of 125 genotypes. High inconsistency suggests that different genotypes within a community 126 have adapted to utilise difference substrates (i.e. different clones perform best on 127 different substrates). In this way, inconsistency is a measure of niche differentiation 128 and the evolution of diversity within populations. In instances of high inconsistency 129 and high responsiveness, genotypes perform best on different substrates, but some 130 of these perform well across many substrates, whereas others perform well on very 182 and structural variants were detected using Delly2 (v0.7.7) with a subsequent cut-off 183 of >= 0.95 as a proportion to identify structural variants in haploid genomes. For the 184 pool-seq, sites prone to sequencing or mapping errors were first identified on the 185 clonal ancestor strain using samtools mpileup with parameters -Q0 and -q0 (i.e.
186
relaxed mapping and base qualities) and then filtered from all subsequent analyses.
187
SNPs were then detected in the pooled populations using samtools mpileup with 188 parameters -Q20 and -q20 (i.e. relatively strict mapping and base qualities). Indels 189 were identified in pooled data using scalpel v0.5.3 (originally designed to detect 
212
We evaluated genetic differences between treatments by calculating (1) 
229
We evolved six replicate populations of the soil bacterium Pseudomonas fluorescens 230 SBW25 in sterile potting compost (spatially heterogeneous) and a sterile compost-231 water mix (spatially homogeneous) for 48 days. In this period, populations achieved 232 approximately 3-fold greater densities in the compost-water mix ( Fig. 1; likelihood 233 ratio test between models with and without evolution environment as a predictor:
234 F1,10=14.77, P = 0.003).
236
Phenotypic data
237
To test the prediction that spatially heterogeneous environments support the 238 evolution of greater diversification, we isolated 10 individual clones from each 239 replicate population and measured their performance across 96 different substrates 240 ( Fig. 2a,b ). We then calculated phenotypic variation and partitioned this into VG, VE 241 and VGE ( Fig. 2c-f ). There was no significant impact of environmental heterogeneity 242 on phenotypic variation (likelihood ratio test between models with and without 243 evolution environment as a predictor: F1,10=2.34, P = 0.16) or genotypic variation
244
(likelihood ratio test between models with and without evolution environment as a 245 predictor: F1,10=2.38, P = 0.15; Fig. 2c ), but heterogeneous populations did have 246 higher environmental variation (likelihood ratio test between models with and without 247 evolution environment as a predictor: F1,10=9.131, P = 0.012; Fig. 2d ). We further 248 decomposed genotype-by-environment variation into responsiveness (measures the 249 diversity of resource exploitation strategies) and inconsistency (a measure of niche 250 differentiation and the evolution of diversity). Responsiveness was not significantly 251 impacted by environmental heterogeneity (likelihood ratio test between models with 252 and without evolution environment as a predictor: F1,10=4.808, P = 0.053; Fig. 2e ).
However, consistent with a role for spatial heterogeneity in diversification,
254
heterogeneous environments had higher inconsistency (likelihood ratio test between 255 models with and without evolution environment as a predictor: F1,10=10.026, P = 256 0.010; Fig. 2f ) compared to the homogeneous environments. This suggests that 257 heterogeneous environments resulted in higher diversity in resource use than the 258 homogeneous populations.
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To estimate the extent of adaptation to each environment we competed the evolved 261 populations against an unevolved lacZ-marked strain in both heterogeneous and 262 homogeneous environments. Evolved populations from both treatments 263 demonstrated fitness gains relative to the lacZ strain ( Fig. 3) , but there was a 264 significant interaction between evolution and competition environments (likelihood 265 ratio test between models with and without interaction: . , =7.52, P = 0.006; Fig. 3 ).
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Evolving in a heterogeneous environment increased relative fitness, heterogeneous- 
280
with no difference in fitness between competition environments (Table 1) .
282
Genomic data 283 Alongside differences in fitness and phenotypic diversity, we observed some 284 genomic differences between populations evolved in homogeneous and 285 heterogeneous environments (Fig. 4) . In terms of genetic distance from the ancestor, difference was not significant (Wilcoxon test: W = 6.5, P = 0.074; Fig. 4a ). However,
289
there were more SNPs / indels in the heterogeneous populations (median = 2.5, IQR 290 = 2-3) compared to those evolved in homogeneous conditions (median = 1, IQR = 1-291 1) (Wilcoxon-test: W = 4.5, P = 0.029; Fig. 4b ). Together, this indicates that there 292 was an increased rate of molecular evolution in the heterogeneous populations. 
297
the Euclidean distance between populations, Fig. 4e , PERMANOVA: F1,10 = 8.92, R 2 298 = 0.47, P = 0.0017). This difference was driven in large part by two genetic changes: 299 a SNP in PFLU5698 was observed in all homogeneous populations but never in the 300 heterogeneous populations, and an indel in PFLU1666 was observed in 4 of the 6 301 heterogeneous populations but never in the homogeneous populations (Fig. 4d ).
302
There was no difference in beta-diversity (calculated from distance-to-centroids 303 between groups; Fig. 4e ) between homogeneous and heterogeneous populations 304 (homogeneity of multivariate dispersion ANOVA: F1,10 = 3.75, P = 0.081).
306

Discussion
307
Here, we investigated how spatial heterogeneity in an ecologically relevant 308 environment promotes both greater diversification and adaptation of a focal 
331
Increased rates of adaptation in spatially heterogeneous environments can 332 theoretically occur because heterogeneity can increase the spatial covariance 333 between genotypes and the local conditions they are best adapted to 15, 16 . This relies 334 on the assumption that there are tradeoffs in the ability to use different resources 2 .
335
We are unable to directly test this hypothesis given the complexity of the soil 336 environment and the inability to identify specific resources 31 . An alternative 14 explanation is the greater ability to explore adaptive landscapes because of genetic 338 drift in subdivided populations 13 , but this seems unlikely given the likely role of 339 selection in driving diversification.
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The population genomic data are consistent with the phenotypic data. 
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Lines show the links between each evolved population in each of its competition 481 environments.
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